coating removal in turbomachines: a macroscopic approach accounting for various wear mechanisms.
Introduction
Abradable coatings have long been used by aircraft engines manufacturers as a sacrificial material in order to reduce operating clearances in both compressor and turbine stages. These coatings advantageously mitigate potential parasitic leakage flows from a stage to the previous one and are easily worn off in case contacts occur with one of the blades thus preventing potentially hazardous structural damages. The nature of the material coating and its mechanical properties are adjusted depending on where it is applied in the engine: as an example, a coating sprayed on the casing of a low-pressure compressor does not require the same thermal resistance as one sprayed in the high-pressure turbine. Accordingly, there is a wide range of materials used as abradable coatings such as ceramics, aluminum/silicon alloys and nickel/graphite composites to name a few. These materials may be sprayed, sintered or even deposited with a honeycomb structure on the casing. Consequently, when blade-tip/abradable coating contacts occur, a large variety of mechanisms may be at play. It has been recently shown that if a blade/abradable contact does not threaten the blade integrity by itself, repeated contacts could lead to a resonance of the blade [1] .
The experimental setup described in [1] involves the last stage of a full-scale aircraft engine low-pressure compressor operating under vacuum. Contact between the blade and the abradable coating is initiated through centrifugal effects. The interaction happens for only one blade, designed to be slightly longer. The blade tip shows high amplitude response, and the coating is worn out at six equally spaced locations along the casing circumference, called wear lobes.
Numerical simulations have already been carried out in [2] where the abradable is represented by a one-dimensional elastovisco-plastic material. This model allows for the prediction of the blade structural response of experiment [1] . Nevertheless, it is mostly numerical, since the coating wear is taken into account by a permanent deformation of the abradable instead of a material loss.
A key element for the quantitative study of the movement of the blade is an accurate modeling of the interaction behavior. This paper presents a simplified macro-scale model of the interaction, based on the phenomenology and physics of abradable wear. The goal of this model is to depend only upon experimentally measurable material quantities. It has been implemented in the framework presented in [2] .
The first section is a brief review of the phenomenology of abradable wear and its synthesis according to the underlying physical mechanisms. Then an attempt is made to model these mechanisms under simplifying assumptions. Finally, the numerical framework is briefly discussed before results are presented through two case studies. but where the normal to the coating is defined ( 100 µm).
Phenomenology of abradable wear
The large number of recent publications dealing with abradable coatings shows the need for a better understanding of the structural behavior of such materials when impacted by a rotating blade. From an experimental standpoint, several studies may be found regarding the static characterization of abradable coatings [3, 4] . Similarly, several abradability investigations carried out statically-or at very low speed-are available [5] in addition to a few scratch tests [6] . In the context of turbomachinery, one should mention the pioneering work [7] on wear mechanisms in gas turbines as well as the work of Schmid [8] which will be our main source of information regarding the phenomenology of abradable materials. Recently, experimental investigations on the dynamic characterization of abradable coatings within a simulated turbomachine environment were reported with respect to: a high relative interaction speed [9] (from 100 to 500 m/s), elevated temperatures [10] (up to 600 ı C) as well as a combination of high interaction speed and elevated temperatures [11, 12] . While the influence of thermal conditions has long been investigated [13] , experimental work carried out by industrials is rarely published.
To the authors' knowledge, there is no quantitative model of abradable wear in the literature. A few qualitative models of abradable wear based on experimental observations were proposed by Schmid [8] . A finite element micro model of the bulk material only is proposed in [14] . Finally, two abradable coating models in the context of full 3D simulations have been described [LEGRAND2011, 15], but they have been developed focusing on numerical efficiency rather than physical rendering of wear phenomena.
Methodology
For a given abradable coating, wear and removal involve several complex mechanisms. In the following, the focus is made on three of these mechanisms, assumed dominant during the interaction with a rotating blade [8] : (1) cutting, (2) permanent deformation, and (3) micro-rupture. Further refinement of the model including other wear mechanisms such as transfer and fusion goes beyond the scope of this study. Based on the proportion of removal with respect to the coating thickness, see Fig. 2 , the bulk behavior of the abradable material is assumed elastic.
For each phenomenon of interest, the modeling approach may be summed up as follows: a brief description is provided based on existing publications, the underlying physics is detailed focusing on the forces the abradable coating is subjected to, a relation between the relevant quantities is given in order to quantify the phenomenon. Also, the implementation of the proposed wear model within an existing numerical strategy for the simulation of blade/casing interactions implies that: the macroscopic effect of wear is key. Thus computational power should not be dedicated to the solution of sophisticated PDEs to know the exact strain field within the abradable material, in this article, the proposed wear model is essentially macroscopic. This is justified by the fact that during a blade/casing interaction, the blade amplitudes of vibration do not seem to depend on micro scale quantities [1] (such as the precise topology of the surface of the abradable at the scale of the rugosity), but mostly depend on their macroscopic averages (the topology at the scale of the blade edge). The quantities of interest are described in Tab. 1. From now on, as a first step to model the interaction, we simplify the problem by neglecting thermal effects and blade wear. They are not coupled within the time-stepping scheme. However thermal effects can be taken into account by using parameters measured in an experiment where the temperature in the contact region is representative of a real interaction.
Note Formulas of the following paragraphs are given in the plane orthogonal to the axis of rotation, and some quantities such as forces are hence given by unit length. The term normal refers to vectors in the direction of e r , and tangential refers to vectors in the direction of e Â (cf. Fig. 2 ).
Cutting
Kinematics Existing experimental observations [7] suggest that the interpretation of the cutting mechanism may be arduous: it is reported that after the interaction, the material still attached to the coating is left with no deformation nor damage. However, the material was not removed by brittle rupture because it has a shiny appearance [7] . The abradable coating is cleanly cut by the blade, yielding a very smooth surface with no observable permanent deformation.
Forces Cutting may be explained by an adiabatic shear band mechanism [16] : due to the high velocity of the blade, deformation does not have time to propagate for elastic accommodation. Thus plastic deformations occur. The plastic work done is mainly dissipated as heat which does not have time to propagate (adiabatic). As a consequence, the material is soften on a narrow band where the material is easily sheared. So cutting is a kind of ductile rupture for high speed and/or high temperature. At the scale of the abradable material micro-structure, no deformation is observed, but it may be due to the fact that it should be localized at the extreme surface of the cut material. It should be noted that the development of shear bands in the abradable material can differ significantly according to the value of the blade incursion and two scenarii are considered:
when the incursion depth is of the order of magnitude of the material rugosity, cutting is a form of adhesive wear [17] at high velocity/high temperature. In this configuration, friction and adhesive wear should be considered parts of the same mechanism, namely plasticity at junctions [17] , for larger incursion depths [11] , cutting should rather be assimilated to machining.
Formulations
In the case of friction and adhesive wear, Coulomb friction and Archard's law will be used as they have proven to be a good approximation of the phenomena while using a reduced number of parameters:
For the modeling of machining, the "deck of card" model [18] 1 is used, see Fig. 3 . The force induced on the blade by machining is defined as:
For the wear of a clean cut, the formula reduces to:
where I e , the elastic accommodation of the coating, is defined by
The shear band angle, can depend on the blade geometry, temperature and interaction velocity. 1 The continuous chip in experiments is visually similar to a "deck of card" morphology. Forces material transfer is linked to adhesive wear and is left for the sake of simplicity. Ploughing can be seen as abrasive wear in the terminology of Rabinowicz [17] .
Formulation wear due to abrasion can be modeled by another Archard's law:
Regarding the force exerted on the blade, the following relation holds:
where the number of particles along the blade edge n pa can be estimated by looking at the number of grooves on a post-mortem abradable specimen, and F pp , the ploughing force of one particle, can be estimated by scratch tests [6] .
Micro-rupture
Kinematics packets of spray particles are pulled out of the surface by the blade, leaving a pock-marked abradable coating.
Forces the mechanism is associated to the rupture properties of the material. Abradable materials are quasi-brittle.
Formulation Assuming a simplified geometry, cf. Fig. 4 , a statistical reasoning on energy dissipated when creating detached particles by brittle rupture gives:
where k mr is a factor depending on the form of the particle and is the surface energy of the abradable material. If the particle is a shell covering the coating before being detached, k mr D 2. If it is a cube, then k mr D 6. The worn thickness is then h mr D l pa (9)
Summary
A model has been proposed for each mechanism. They shall now be gathered to obtain the complete model. First, it is assumed that friction/adhesive wear and abrasive wear are mutually independent and micro-rupture and machining happen for an elementary surface with respective proportions p mr and p ma , with 0 Ä p mr C p ma Ä 1, a zero proportion meaning that the mechanism is inactive. These proportions are dependent on interaction velocity, incursion and temperature. This allows for a representation of Schmid wear maps [8] . abradable coating blade Figure 4 . Micro-rupture wear. A particle is formed when the blade impacts the coating One should also note that the kinematics of the detached material is of importance: Schmid [8] notes that for velocity interactions greater than 100 m/s, most of the detached material is released as particles at the rear of the blade. But in another experiment at high temperature (300 ı C) and high incursions of the blade in the coating (50 µm) [19] , there is a continuous chip at the front of the blade, and in yet another experiment, also at high incursions but at room temperature, particles are released at the front of the machining tool [20] . Also, some mechanisms happen at the front of the blade (micro-rupture and machining) with particles being released either at the front or at the rear, while other happen under the blade (friction/adhesive wear and abrasive wear). So the scenario of interaction should be: (1) compute the forces due to micro-rupture and machining together and (2) update the topology of the abradable once, (3) compute the forces due to friction/adhesive wear and abrasive wear and (4) update the topology again. With simplified notation such as h ad D h ad .h mr ; h ma /, the formula of abradable wear at the end of the interaction is thus:
Since all the mechanisms in this model are supposed to be caused by independent physical phenomena, the total energy given by the blade is the sum of the energies of each mechanisms (we neglect the kinetic energy of detached particles). This decomposition is also true for forces. Hence:
Numerical framework
Because our numerical framework has already been presented extensively in [21] and [2] , only its main characteristics are described here: the blade geometry is meshed in 3D and its finite element matrices are obtained. They are then reduced with a Craig-Bampton component mode synthesis [22] , in order to reduce the number of degrees of freedom while keeping unchanged the blade tip degrees of freedom for easy contact handling. Centrifugal hardening is taken into account. Then the blade/coating interaction problem is simulated with an explicit time integration scheme. The abradable coating is meshed with 1D abradable elements. At each time step, the contact is handled with a predictioncorrection procedure: a blade displacement is predicted and the facing abradable element is searched. When a penetration is detected, the force exerted by the abradable on the blade (computed based on the formulas of the preceding section) is used for the correction of the blade displacement. The wear of the abradable element is also computed for updating the coating topology. At t D 0, the blade is separated from the abradable coating by a positive clearance. The casing is considered to be rigid. It is perfectly circular at the beginning, and then progressively ovalized, such that at some point of the simulation, the blade comes into contact with the coating and begins to wear it.
Results
Note In the following, amplitudes are normalized with respect to reference data for confidentiality purposes. The model presented in [2] revealed consistency with experimental data: the coating wear pattern and the modal response of the blade is similar to experiments [1] . However, it needs to be calibrated numerically [21] since its wear law is mainly numerical. Our goal here is to show that we can reproduce the same kind of results with the presented model, as a first step toward using phenomenologically based wear mechanisms. Parameter values are determined from our industrial partner data and literature [8, 17] . Here we only use the adhesive and micro-rupture wear mechanisms. They are believed to be the predominant ones in the original experiment as incursions and temperature were low.
A wide angular velocity range ( 2 OE0:08 I 0:8) is considered, and one simulation is carried out for each angular velocity that remains constant over time. The results are analysed through two kinds of graphs: Wear maps (e.g. Fig. 5 ) the abradable coating wear profile facing the trailing edge-where most sophisticated patterns are observed-is plotted at the end of each simulation. For each angular velocity, meaning for one column of the map, a color code indicates the quantity of abradable removal along the casing circumference: from white where the coating is intact to black where maximum wear is observed [23] . Interaction maps (e.g. Fig. 6 ) the Fourier transform (spectrum) of the blade edge displacement is plotted for each angular velocity. Low amplitudes are in blue, and frequency peaks in yellow and red. When looking at the wear maps in Fig. 5 , the same kind of patterns can be noticed: strong wear around D 0:4 and D 0:7, with respectively 6 and 4 wear lobes. Both simulations are in accordance with the actual experiment [1] where 6 lobes were found around D 0:4. Note however that the level of wear of the simulation with adhesive and micro-rupture wear laws is much less than with the elasto-plastic wear law. This is because these wear maps are taken after 50 blade turns, where there is no more wear in the case of the elasto-plastic model simulation, whereas it is still going on in the case of the adhesive and micro-rupture simulation.
The interaction maps (see Fig. 6 ) for the displacement at the edge of the blade also shows similar patterns: the engine order lines represent the contact due to the ovalization of the casing and are the same in both diagrams. Other peaks (inside the red ellipsis of Fig. 6 ) representing the excited eigenfrequencies of the blade are a match from an interaction map to the other, even if they are more blurry in the case of an adhesive and micro-rupture wear.
Preliminary results for a parameter study
The goal of this study is to compare wear maps for the same structural configuration-blade shape, clearance, casing ovalizationbut with different wear laws. Fig. 7 , two wear maps are displayed, each one with a different wear mechanism. Except for the level of wear, the patterns are very similar. This seems to indicate that the blade trajectory is mainly governed by the structural configuration of the blade. Note however that the interaction is not finished when the wear maps are extracted, and the wear patterns could diverge significantly from each other had the temporal integration been carried out longer.
Conclusion
The numerical simulation of blade/casing interaction in the presence of abradable wear is a complex subject. This article derived an approach for modeling wear of the coating, based on the phenomenology of abradable wear mechanisms. Each wear phenomenon is modeled by a simple analytical equation. Then the blade/casing interaction is solved numerically by a 3D explicit numerical scheme. The first results show that an implementation of wear based on these phenomena is capable of reproducing experimental results. A more systematic parameter study is ongoing. It aims at quantifying the influence of each mechanism on the blade dynamics. Also, additional investigations regarding experimental parameters are required in order to calibrate more precisely the proposed wear model parameters: sliding, scratching and toughness tests, analysis of machining chips... This model will enable the introduction of thermal effects through a state variable taking into account temperature and which the parameters presented on this study (such as the friction coefficient) may depend on. The model is also expected to reproduce more complex frequency response, as found in experiments [1] . The final objective of this work is to compare the blade response with different kind of abradable materials in order to select the one with minimal induced vibratory response.
